RNase MRP is a libonucleoprotein endotibonuclease that has been shown to cleave mitochondrial primer RNA sequences from a variety of sources. Most of the RNase MRP activity is found in the nucleus where it plays a role in the processing of 5.8S rRNA. A temperature-conditional point mutation in the yeast RNA component of the enzyme has been identified. This mutation results in a loss of normal rRNA processing at the nonpermissive temperature while cellular levels of the RNA component of RNase MRP remain stable. High-copy suppressor analysis of this point mutation was employed to identify interacting proteins. A unique suppressor, termed SNMl (suppressor of nuclear mitochondrial endoribonuclease J.), was identified repeatedly. The SNMl gene was localized to the right arm of chromosome IV, directly adjacent to the SNFl gene, and it contains an open reading frame encoding a protein of 198 amino acids. The protein contains a leucine zipper motif, a zinc-cluster motif, and a serine/lysine-rich tail. The gene was found to be essential for viability in a yeast cell, consistent with it being a protein component of the RNase MRP ribonucleoprotein complex. Recombinant SNMl protein binds RNA in both gel retardation and Northwestern assays. Antibodies raised against bacterially expressed proteins identified four separate species in yeast whole cell extracts. Antibodies directed against the SNMl protein immunoprecipitated RNase MRP RNA from whole-cell extracts without precipitating the structurally and functionally related RNase P RNA. We propose that the SNMl protein is an essential and specific component of the RNase MRP ribonucleoprotein complex, the first unique protein of this complex to be identified.
Ribonucleoproteins (RNPs) have been implicated in a wide array of biological processes within the cell, which include established roles in rRNA processing (Tollervey 1987; Fournier and Maxwell 1993) ; mRNA splicing (Mattaj et al. 1993) , mRNA translation (Noller and Woese 1981; Woolford 1991) , functions relevant to synthesis of chromosomal telomeres (Greider and Blackburn 1989) , processing of tRNAs (Bartkiewicz et al. 1989) , and repli cation of organellar DNA (Wong and Clayton 1986) . A novel mitochondrial RNA processing endoribonuclease (RNase MRP) that has the capacity to cleave mitochon drial RNA complementary to the light strand of the dis placement loop at a unique site has been characterized from mouse cells (Chang and Clayton 1987a,b, 1989) . This endonuclease has been implicated in the metabo lism of RNA primers for the leading strand of mitochonPiesent address: Depattment of Biochemistry and Molecular Biology, State University of New York Health Science Center at Syracuse, Syra cuse, New York 13210 USA. ^Corresponding author. drial DNA replication. The sensitivity of RNase MRP to ribonuclease or protease digestion demonstrated a re quirement for both RNA and protein components for site-specific cleavage by this endonuclease (Chang and Clayton 1987b) .
The gene encoding the RNA component of RNase MRP RNA (MRP RNA) has been isolated from several different vertebrates (Chang and Clayton 1989; Topper and Clayton 1990a; Bennett et al. 1992; Dairaghi and Clayton 1993) and from Saccharomyces cerevisiae (Schmitt and Clayton 1992) and Schizosaccharomyces pombe (J. Paluh and D.A. Clayton, in prep.) . The enzyme has been shown to cleave an RNA species complemen tary to mitochondrial origins in a variety of species and across distant evolutionary boundaries (Stohl and Clay ton 1992) .
Autoimmune antibodies to RNase MRP have been used to establish its antigenic relationship with RNase P and identity with the Th/To RNP . Also, structural studies of MRP RNA using chemical modification of the RNA (Topper and Clayton 1990b) or phylogenetic comparison (Forster and Altman 1990; have revealed that MRP RNA is structurally and evolutionarily related to the RNA com ponent of RNase P, the ribonucleoprotein endoribonuclease that processes the 5' ends of pre-tRNAs.
Cellular fractionation and immunolocalization have shov^^n RNase MRP to be present in two distinct com partments, the mitochondria and the nucleus (Reimer et al. 1988; Chang and Clayton 1989; Gold et al. 1989; Karwan et al. 1991; Topper et al. 1992; Li et al. 1994) . Some controversy had arisen from a report that little or no detectable MRP RNA can be foimd in mitochondria of animal and plant cells . This result is inconsistent with results pub lished previously (Chang and Clayton 1989; Topper and Clayton 1990; Karwan et al. 1991; Topper et al. 1992 ) and a study published recently utilizing in situ electron microscopy and cell fractionation (Li et al. 1994) , and may simply reflect the low relative cellular amoimt of mitochondrial MRP RNA.
Using regulated expression and temperature-condi tional mutations of NMEl (the gene encoding S. ceievisiae MRP RNA) a specific role for RNase MRP in pro cessing 5.8S rRNA was identified . This rRNA processing event regulates the ratio of two different species of 5.8S rRNA (Rubin 1974) . Trans lation in yeast depleted of the smaller 5.8S rRNA re mains robust but does show a loss of translation of a subset of proteins, suggesting a possible role of the two 5.8S rRNAs in regulating translation of select messages . In support of these findings, a yeast mutation displaying a similar defect to a nmel mutant in rRNA processing {iip2] (Shuai and Warner 1991; Lindahl et al. 1992 ) has now been shown to be in the NMEl gene (Chu et al. 1994) .
Several mutations in the gene for yeast MRP RNA (NMEl) have been isolated M.E. Schmitt, G.S. Shadel, and D.A. Clayton, unpubl.) . One of these mutations, nmel-P6, shows a tight temper ature-sensitive growth phenotype and a strong defect in the processing of the 5.8S rRNA at the nonpermissive temperature . Levels of MRP RNA in the nniel-P6 mutation have been found to re main stable even at the nonpermissive temperature, and this same G -^ A transition at position 122 of MRP RNA has been identified in mutant screens by three different groups (Shuai and Warner 1991; Chu et al. 1994) .
Despite the fact that the gene for a mammalian MRP RNA was cloned and sequenced several years ago (Chang and Clayton 1989) , only one of the protein components of the enzyme has been identified and its gene has not been isolated (Yuan et al. 1991) . Other than this peptide, the exact protein composition of the complex remains imclear (Rossmanith and Karwan 1993) . Any future work on biogenesis of the RNase MRP complex or transport of the complex and its RNA component throughout the cell will require defining the protein composition of the active complex and cloning of the genes for these pro teins. In an effort to isolate protein components of the S.
cerevisiae RNase MRP complex, we have employed a high-copy suppression scheme utilizing the nmel-P6 temperature-conditional mutation in the RNA compo nent. We report here the cloning and characterization of a unique and essential protein component of the yeast RNase MRP enzyme.
Results
Isolation of a high-copy suppressor of the rmiel-P6 mutant A yeast genomic library in the yeast vector YEP24 (Carl son and Botstein 1982) was screened for genes capable of suppressing the nmel-P6 mutation when present in high copy (Rine 1991) . Four separate isolates were foimd to confer plasmid-dependent suppression by allowing growth of the nmel-P6 mutant at 37°C. Growth at 37°C of one of the suppressing strains is shown (Fig. 1) . Its growth rate is less rapid than the wild-type strain but is still severalfold higher than the nmel-P6 mutation. All four of the high-copy suppressors were dependent on the plasmid carrying the nmel -P6 mutation, indicating that they were not the wild-type NMEl gene.
The four suppressor plasmids were mapped by restric tion analysis and found to contain overlapping fragments of the same region of the yeast genome ( Fig. 2A) . The gene was named SNMl for suppressor of NMEl. Through the use of an ordered yeast genomic library (Riles et al. 1993 ) the inserts were mapped to the right arm of chro mosome IV adjacent to the SNFl gene (Celenza and Carl son 1984) . The SNFl gene encodes a protein kinase in volved in the transcription regulation of multiple genes in response to glucose (Celenza and Carlson 1986) . The restriction map of the SNFl gene was found to be iden tical to that of our suppressors (Celenza and Carlson 1984) . The entire SNFl gene was within all of our over lapping inserts; however, a 3.2-kb fragment that in cluded the entire SNFl gene was unable to confer sup pression on the nmel -P6 mutation. Further subcloning 37X P6 + S3 Figure 2 . Characterization of the SNMl gene locus.
[A] Restriction map of three separate YEP24 overlapping inserts that were found to suppress the nmel-P6 mutation. The S2* insert was in the opposite orientation compared with the SI and S3 inserts. The clones were mapped to the right arm of chromosome IV adjacent to the SNFl gene using the yeast genomic ordered library (Riles et al. 1993) . and deletion analysis identified a 1.0-kb fragment down stream of the SNFl gene that conferred partial suppres sion of the nmel-PS mutation, and an overlapping 1.2-kb fragment that conferred full suppression ( Fig. 2A) .
The SNMl suppressor restores rRNA processing in the nmel-P6 mutant without affecting the transcription or stability of the RNA It might be expected that overexpression of the nmel-P6 gene could generate more RNase MRP enzyme, which might partially alleviate the defect. To ensure that the suppressors were not affecting expression, nmel-P6 RNA levels were examined by Northern analysis (Fig.  3A) . Little change was observed when comparing wildtype NMEl levels to levels in the nmel-P6 mutant or the nmel-P6 mutant carrying the S3 suppressor plasmid ( Fig.  2A) . These results indicate that this suppression is not attributable to increased transcription of the NMEl gene.
The nmel -P6 mutation exhibits impaired translation of a select group of proteins at the nonpermissive tem perature . It was postulated that at least one of these proteins might be essential for viability in yeast, which would explain why the NMEl gene is essential. Thus, a second way to bypass this mu tation would be to overexpress the essential protein, thereby providing enough of this protein for the cells to survive. To test this hypothesis we examined the rRNA processing defect in the nmel -P6 mutation when it was carrying the minimal 1.2-kb suppressing fragment on a high-copy plasmid, pMES202 (Fig. 3B ). After 4 hr at the nonpermissive temperature the nmel-P6 mutation has the characteristic shift in the ratio of the 5.8S (L) to 5.8S (S) rRNA species [we use the terminology of 5.8S (L) for the 7-nucleotide longer species and 5.8S (S) for the shorter species, as suggested by Henry et al. 1994 ] re ported for this mutant . When the nmel-P6 mutant is carrying the high-copy SNMl gene, the processing of 5.8S rRNA is restored to near normal. This suggests that the SNMl gene is work ing directly at the level of the RNase MRP enzyme, rather than bypassing the translation defect by supplying an essential protein that was depleted.
The SNMl gene encodes a 22-kD protein with a novel zinc-cluster domain
The nucleotide sequence from the 3' end of the SNFl gene to the downstream Xbal site (see Fig. 2A ) was de termined. Two open reading frames were found. The first reading frame was oriented in the opposite direction of the SNFl gene and extended past the Xbal site. This open reading frame was not on the minimal suppressing fragment and showed no homology to any genes se quenced previously. The minimal suppressing fragment contained the second open reading frame that is pre dicted to encode a protein of 198 amino acids (Fig. 4) with a molecular mass of 22.5 kD. This protein showed no striking similarities to any known proteins. However, three interesting regions were found in the predicted se-
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Figure 3. The SNMl gene restores rRNA processing but has no effect on the stabiHty or synthesis of MRP RNA in the nmel-PS mutant. Yeast strains were grown to 2x 10^ cells/ml at lA^C on YPD and then shifted to 37°C for 4 hr. The cells were then collected, and total RNA was isolated.
[A] Equal amounts of total RNA were separated on a 6% acrylamide/7 M urea gel, transferred to nylon, and probed with the NMEl gene. [B] Equal amounts of total RNA were separated on a 6% acrylamide/7 M urea gel and stained with ethidium bromide. The locations of the relevant 5.8S (S), 5.8S (L), and 5.8Sb are shown . (pMES140) Yeast strain carrying a wild-type NMEl gene on a L£J72/C£Nplasmid; (P6) yeast strain carrying the nmel-P6 mutation on a LEU2/CEN plasmid; (P6 + S3) yeast strain carrying the nmel-P6 mutation on a L£C72/C£N plasmid and the suppressing URA3/2fjL plasmid S3; (P6 + pMES202) yeast strain carrying the nmel-P6 mutation on a LEU2/CEN plasmid and the minimal 1.2-kb suppressing fragment on a URA3/2ix plasmid, pMES202. Size markers are ^^P-labeled Hpall-digested pBR322.
quence. The amino-terminal 35 amino acids of the pro tein contained a series of leucines spaced 6-8 amino ac ids apart that could potentially form a leucine-zipper dimerization domain similar to the GAL4 protein (Busch and Sassone-Corsi 1990; Marmorstein et al. 1992) . The central part of the protein (amino acids 61-109) contains two cysteine clusters. Similar cysteine clusters have been shown to bind two zinc ions in a binuclear cluster arrangement (O'Halloran 1993). The best-described ex ample of such a zinc cluster is again found in the GAL4 protein (Marmorstein et al. 1992) . Evidence from the pu rification of the recombinant protein from Escherichia coh suggests that the SNMl protein binds zinc (see Ma terials and methods). The carboxy-terminal part of the protein (amino acids ) is rich in serines and lysines. In the last 63 amino acids, 15 are serines and 16 are lysines. This region is similar to the arginine/serinerich domain (RS) found in many RNA-binding proteins involved in splicing (Bimey et al. 1993) .
The SNMl gene is essential for viability in yeast
The entire coding region of the SNMl gene was deleted by insertional replacement with the HISS gene (Fig. 2B) . The deletion removes the region from the Spel site at position -60 to the Nsil site 88 bp after the termination codon (Fig. 4) . This deletion was confirmed in yeast by using polymerase chain reaction (PCR) and Southern analysis (data not shovsm). The deleted diploid strain MES150 was sporulated, and 20 tetrads were dissected; all gave a 2:0 segregation for viability. The two in viable spores were examined under the microscope and found to be at either the one-or two-cell stage. All viable spores required histidine for growth^ indicating that spores re ceiving the HISS marker were inviable and that the SNMl gene is essential for viability in yeast.
To ensure that the gene was not simply required for germination of spores, the MES150 strain was trans formed with either a yeast 2| JL plasmid (pMES202) or a C£Nplasmid (pMES194) containing the SNMl gene. The resultant strains were sporulated, and tetrads were dis sected. His"^ spores were identified at an expected fre quency, although these strains were always Leu"^ or Ura"^, indicating that they maintained the pMES194 or pMES202 plasmids, respectively. These plasmids were not lost from haploid snmi "-deleted cells, confirming that the SNMl gene is required for viability.
High-copy maintenance of the SNMl gene results in exceptionally high levels of tiansciiption of the SNMl gene
The SNMl transcript was examined by Northern analy sis in a wild-type strain, in a strain with the nmel-P6 mutation, and in a strain with the nmel-P6 mutation carrying the SNMl gene on a high-copy plasmid. As shown in Figure 5A , the SNMl gene encodes a transcript of 800 nucleotides. This is the expected size for a yeast gene with an open reading frame of 594 bp. Closer ex amination of the signal in the wild-type (pMES140) case reveals a second transcript 50-75 nucleotides larger. The nmel -P6 mutation carrying the SNMl suppressor exhib ited a > 50-fold overexpression of the SNMl transcript, a level consistent for a yeast gene placed onto a high-copy plasmid (Rine 1991) .
High SNMl transcript levels give a moderate increase in protein levels and the SNMl protein appears to be modified
The SNMl protein was expressed in E. coli using a pT7-7 expression system and purified to near homogeneity (>95%). Rabbit polyclonal antibodies were generated against the bacterially expressed SNMl protein and used to analyze the protein in yeast. The SNMl protein was examined by Western analysis in a wild-type strain, in a strain carrying the nmel-P6 mutation, and in a strain with the nmel-P6 mutation carrying the SNMl gene on a high-copy plasmid. Whole-cell protein extracts were separated on a 15% polyacrylamide gel, transferred to nitrocellulose, and probed with antibodies directed against the SNMl protein (SNMl-p). The anti-SNMl-p antibodies were initially cleared against an E. coli lysate to remove nonspecific antibodies and then used at a 1: 1500 dilution. At this dilution the antibodies are ex pected to be highly specific. The antibodies react with four separate protein species in the wild type (pMES140) lane (Fig. 5B) . These protein species migrate considerably slower than expected for a molecular mass of 22.5 kD, as predicted from the gene sequence. However, the recom binant protein migrates at the exact same mobility as the fastest migrating species in Figure 5B (data not shown). 
3]
SNM1-P Figure 5 . Transcriptional and translational analysis of the SNMl gene. Yeast strains were grown to 2x 10^ cells/ml at 24°C on YPD and then shifted to 37°C for 4 hr. The cells were then collected and total RNA was purified from one-half of the pop ulation and whole-cell protein extracts were made from the other half.
[A] Ten micrograms of total RNA from the strains indicated were separated by electrophoresis on a 1% formaldehyde-agarose gel and blotted to nylon. The mRNA correspond ing to transcripts from the SNMl allele was visualized by hy bridization with a ^^P-labeled probe corresponding to the 521-bp Accl fragment containing the SNMl coding region. Location of the SNMl transcript is indicated.
[B] Fifty micrograms of pro tein from each yeast strain was denatured in 2% SDS and 5% 2-mercaptoethanol for 5 min at 95°C. SDS-PAGE was then per formed through a 15% polyacrylamide gel, and the protein was subsequently transferred to nitrocellulose and probed with a rabbit polyclonal anti-SNMi-p antibody at a 1:1500 dilution. The aberrant mobility may result from a high degree of charge in the SNMl protein. Three slower mobility spe cies were also found in whole-cell extracts, which prob ably represent modified forms of the SNMl protein.
In the nmel-P6 mutation (Fig. 5B , lane P6) a different SNMl protein profile is seen. The two slowest mobility proteins became very low-abundance species, whereas an intermediate form became the major form. Several duplicate experiments revealed that the overall levels of the SNMl protein never dropped below 50% of the level of the wild type in the nmel-P6 mutant. In the nmel-P6 mutant carrying the SNMl high-copy suppressor, the protein profile essentially returns to that of the wild type with no more than a 50% increase in expression over wild-type protein levels. This is in contrast to the SNMl transcript levels, which increase >50-fold relative to wild type.
The SNMl protein binds MRP RNA in vitro
The SNMl protein might suppress the nmel-P6 muta tion by interacting directly with the enzyme complex as The samples were then loaded on a 4% acrylamide, 0.5 x TBE gel, and the RNA-protein complexes were separated by electro phoresis. The gel was dried and subjected to autoradiography.
[B] Increasing amounts of the SNMl-p [(lane I) 75 ng; (lane 2) 150 ng, (lane 3) 300 ng] were separated on a 15% SDS-poylacrylamide gel and transferred to nitrocellulose. The blot was blocked with 5% BSA, 0.1% Triton X-100 in PBS for 1 hr and incubated in PBS with 0.1% Triton X-100, 1 jig/ml of E. coli tRNA and 2 X10^ cpm of internally ^^P-labeled MRP RNA at 10^ cpm/fjLg for 30 min at 24°C. The blot was then washed 4x10 min in PBS with 0.1% Triton X-100 at 24°C and exposed to film. The location of the full-length SNMl -p is indicated. a protein component. To determine whether the SNMl protein hinds MRP RNA, we attempted to gel shift in vitro-transcribed NM£i-derived MRP RNA by adding purified recombinant SNMl protein (Fig. 6A) . The SNMl protein was purified to near homogeneity from bacteria. By use of Coomassie blue staining intensity it is esti mated that the protein is -95% pure. This protein was used for both antibody production (Fig. 5B ) and for in vitro RNA-binding experiments. When purified SNMl protein was incubated with MRP RNA, a dramatic shift in the mobility of the free MRP RNA on a native polyacrylamide gel was seen (Fig. 6A) . The shifted RNA barely enters a 4% polyacrylamide gel, indicating the large size of the RNA-protein complex. The binding appears to be highly cooperative and occurs at a 1:1 molar ratio of RNA to protein (Fig. 6A, lane 4) . At the ratio of 1:1, RNA/protein, a intermediate species was observed that may represent a complex of one pro tein and one RNA molecule. Complex formation could be inhibited by E. coli tRNA but only when competitor tRNA was present at concentrations >100 [xg/ml, indi cating that the protein has a high degree of specificity for the MRP RNA (data not shown).
Purified SNMl protein was also found to bind MRP RNA in a Northwestern experiment (see Fig. 6B ). Immo bilized SNMl protein was able to bind MRP RNA in solution at picomolar concentrations. Again, competing tRNA was unable to prevent complex formation when present in concentrations up to 100 |xg/ml (data not shown; this translates into a tRNA/MRP RNA ratio of nearly 350,000:1).
The SNMl protein is a component of the RNase MRP complex
To test whether the SNMl protein actually binds MRP RNA in vivo, we utilized a coimmunoprecipitation ex periment. A yeast whole-cell extract was incubated with the anti-SNM2-p antibody that had been attached to pro tein A-Sepharose. RNA that coimmunoprecipitated with the SNMl protein was analyzed by Northern anal ysis (Fig. 7) . A portion of the MRP RNA was found to immunoprecipitate with the anti-SNMl-p antibodies, yet neither SCRl RNA (yeast signal recognition particle RNA) (Felici et al. 1989 ) nor nuclear RNase P RNA (Lee et al. 1991) were precipitated by these antibodies. Al though the immimoprecipitation was specific, a major ity of the MRP RNA remained in the supernatant under the conditions used here and in repeat experiments with this antibody. Thus, it remains to be determined whether all of the cellular MRP RNA is stably associated with antigenically accessible SNMl protein or whether the enzyme physically exists in more than one ribonucleoprotein form. This result suggests that the SNMl protein is an integral component of the RNase MRP en zyme complex. Also, it demonstrates that the SNMl pro tein is different from the human Th/To antibody antigen that can immunoprecipitate both the RNase MRP and RNase P RNAs from mouse and human cells ). The SNMl gene product has been shown to bind MRP RNA in gel mobiUty shift and Northwestern experi ments. This suggests that the SNMl protein is not only a component of the RNase MRP RNP complex but that it is specifically bound to the RNA component.
Coimmunoprecipitation experiments have shown that antibodies directed against the SNMl protein specifi cally precipitate the MRP RNA. This is a direct demon stration that the SNMl protein is a component of the RNase MRP ribonucleoprotein complex. However, the RNA component of the RNase P enzyme was not pre cipitated, indicating that the SNMl protein is probably not a yeast homolog of the Th/To autoantigen. A yeast temperature-sensitive mutant in rRNA processing [POPl] has been identified recently that exhibits a defect identical to that of a RNase MRP RNA mutant and a RNase P RNA mutant (Lygerou et al. 1994 ). This gene, POPl, is most probably a shared protein component be tween RNase MRP and RNase P and may be the yeast homolog of the mammalian Th/To autoantigen. Enzy matic reconstitution experiments between the SNMl protein and MRP RNA were unsuccessful (M.E. Schmitt and D.A. Clayton, unpubl.) probably because of the re quirement for additional protein subunits (Lygerou et al. 1994 ).
Discussion

The SNMl protein is the first identified protein component unique to the RNase MRP enzyme complex
The SNMl gene was identified in a screen for suppres sors of a point mutation in the NMEl gene. We identified only one gene that suppresses the nmel-P6 mutation, despite the isolation of four separate suppressors; this suggests a specificity of the SNMl gene for this muta tion. We failed to isolate the wild-type NMEl gene in this screen; this may be because of a partial dominance of the nmel -P6 mutation. The evidence presented in this paper (which follows) shows that we have identified a protein, SNMl, that is an essential and specific compo nent of the RNase MRP enzyme.
The SNMl suppressor reverses the rRNA processing defect that occurs in the nmel-P6 mutation, indicating that it is working specifically on the RNase MRP com plex instead of bypassing the function of the enzyme. This result suggests that the protein is a component of the RNase MRP enzyme complex. This also lends cre dence to the assumption that the 5.8S rRNA processing defect is causing the lethality seen in NMEl deletions in yeast .
Like the NMEl gene, the SNMl gene was found to be essential for viability in yeast. This is the same phenotype that was observed for an NMEl deletion and is a consistent result for a gene that encodes an essential protein component of the RNase MRP enzyme. Mu tagenesis will be required to determine whether muta tions in the SNMl protein lead to a processing defect in 5.8S rRNA similar to that of a mutation in the NMEl gene .
The SNMl protein is a new class of RNA-binding protein
Mobility shift experiments. Northwestern analysis, and immunoprecipitation clearly show that the SNMl pro tein is an RNA-binding protein. Competition experi ments with tRNA and specific immunoprecipitation of MRP RNA suggest that the specificity of the SNMl pro tein for MRP RNA is high; however, the exact degree of specificity caimot be determined with the data pre sented.
The SNMl protein contains little similarity to any other sequence in the protein data bases. The protein does show three interesting regions, including a poten tial leucine zipper, a zinc-binding site, and a serine/ lysine rich domain. During purification of the recombi nant protein from E. coli we found that solubilization of the SNMl protein from inclusion bodies was dependent on zinc (see Materials and methods), suggesting that zinc is required for the proper folding of the SNMl protein. Two zinc atoms may be bound to the six cysteine resi dues in the SNMl protein in a arrangement similar to the GAL4 protein (Marmorstein et al. 1992) . The GAL4 pro tein forms a binuclear zinc-thiolate cluster with the six sulfur atoms of six cysteine residues. However, the ar rangement of the cysteine residues in the SNMl protein is slightly different than in the GAL4 protein. The SNMl protein also contains two potential nitrogen-coordinat ing groups (a histidine and an asparagine) immediately before two of the cysteine residues. These groups could potentially play a role in coordinating the zinc atoms. Future atomic structural analysis is required before any conclusions can be drawn. Nevertheless, this is the first identification of an RNA-binding protein with this type of zinc-binding site.
The presence of a potential leucine zipper in the SNMl protein is also analogous to the GAL4 protein. This do main is responsible for dimerization of the GAL4 zinc clusters and DNA binding (Marmorstein et al. 1992) . The presence of the leucine zipper domain implies that the SNMl protein may be a functional dimer. Finally, the SNMl protein contains a serine/lysine-rich carboxyl ter minus. The function of this domain is unknown; how ever, a SR domain has been identified in several RNAbinding proteins involved in different aspects of RNA splicing (Bimey et al. 1993 ). This SR domain was shown to be required for certain protein-protein interactions of the Diosophila Transformer 2 gene (Amrein et al. 1994) and for protein-protein interactions between the human splicing factor 2 and protein components of the Ul small nuclear RNP (snRNP) (Kohtz et al. 1994) . The SR domain is phosphorylated in some proteins (Woppman et al. 1993; Zahler et al. 1993) protein from the RNase MRP complex results in loss of RNase MRP activity and a subsequent failure to process rRNA. When yeast are carrying the SNMl gene on a high-copy plasmid, expression of the gene increases severalfold and a concomitant increase in SNMl protein oc curs. This increase in the cellular levels of the SNMl protein is enough to favor binding of the protein to this mutated RNA target, restoring RNase MRP activity and rRNA processing. Further examination of this protein-RNA interaction should help to reveal principal features of RNase MRP structure and function.
Materials and methods
Media and E. coli strains
Yeast media and genetic manipulations have been described (Sherman 1991) . S. ceievisiae strains used in this study are listed below. The E. coli strain used for cloning, DH5a, has the geno type psiSOdlacZAM 15, endAl, recAl, hsdR17 (ik^mk"^), supE44, thi-1, gyiA96, lelAl, \J 169, ¥".
Possible modification of the SNMl protein
Analysis of the SNMl protein in vivo revealed the pres ence of four antisera-reactive protein species of differing mobilities. We predict that these species are three differ ently phosphorylated forms and the mature unphosphorylated form of the protein. These species are probably not highly homologous members of the same gene fam ily because cross-hybridization of the SNMl gene to other regions of the yeast genome was not observed (data not shown). The serine/lysine-rich tail of the SNMl pro tein contains several consensus phosphorylation sites, including those for the cAMP-dependent protein kinase. Preliminary results revealed differential accumulation of different modified species depending on whether yeast were in log-phase or in stationary-phase growth (M.E. Schmitt and D.A. Clayton, unpubl.) Phosphorylation might provide a control mechanism for the RNase MRP enzyme by regulating it during periods of high and low ribosome biogenesis. This phosphorylation may be car ried out by the cAMP-dependent protein kinase with high activity under nutrient-rich conditions and periods of high ribosome biogenesis, and low activity under nu trient poor conditions and periods of low ribosome bio genesis (Thevelein 1992) .
Suppression of the nmel-P6 mutation by the SNMl gene product
Because the SNMl protein is an integral part of the RNase MRP enzyme complex, it must be suppressing the nmel-P6 mutation by compensating for the RNA mutation when overexpressed. The simplest model pre dicts that the SNMl protein normally binds the MRP RNA in the region of the nmel-P6 mutation (nucleotide 122). We postulate that in the nmel-P6 mutant this binding is unstable, especially at higher temperatures, and the SNMl protein is degraded when not assembled with the RNA component. This absence of the SNMl
RNA analysis
Total yeast RNA was prepared as described previously ). Northem analysis was performed as described . Hybridization probes were made using the Prime-It Kit (Stratagene Inc.).
Identification o/nmel-P6 suppressors
The yeast strain MES116 [MATa, 112, CEN) ] carrying the nmel-P6 mutation (a G-* A transition at position 122 of the NMEl gene; Schmitt and Clayton 1993) was transformed with a yeast URA3, 2fi genomic library (Carlson and Botstein 1982) and plated onto Ura~ media at 24°C. Ten thousand transformants were replicaplated to SD complete media (Sherman 1991) at 37°C. Colonies growing at the nonpermissive temperature were picked and retested. Those transformants that continued to grow at 37°C on SD complete plates, but failed to grow at 37°C on SD com plete plates with 5-fluoro-orotic acid, were classified as plasmid-linked suppressors. Yeast 2fx plasmids that conferred 37°C growth were rescued from yeast into E. coli (Sikorski and Boeke 1991) and then retested for suppression in the original nmel-P6 strain.
Gene mapping and complementation analysis
Four independently isolated clones were found to complement the nmel-P6 mutation at 37°C. These clones were restriction mapped by standard methods (Sambrook et al. 1989 ) and found to contain overlapping fragments of the same region of the yeast genome. Using the yeast-ordered genomic library (Riles et al 1993) the S3 clone was mapped to the same cosmid as the SNFl gene on the right arm of chromosome IV (Celenza and Carlson 1984) . Comparison of the restriction maps of our suppressing inserts and the SNFl genomic region revealed them to be iden tical. The plasmid pMES171, which contains a 3.2-kb £coRl fragment in the 2ixlURA3 vector YEP352 (Hill et al. 1986 ) en compassing the entire SNFl gene, was unable to confer any suppression on the nmel-P6 mutation. A 1.0-kb BamHl frag ment downstream of the SNFl gene when inserted into the vector YEP352 was found to provide partial suppression of the nmel-P6 mutation. A 1.2-kb PCR fragment extending from the 3' end of the SNFl gene was able to provide full suppression at 37°C on the nmel-P6 mutation. The PCR oligonucleotides used to generate this fragment are O-snml-1 (5'-AAGCTTTTT-CAGCCTACCCATTTT-3') and O-snml-2 (5'-CTGTCAG-GCAAGGCGTACATGGCGTG-3'). A series of different frag ments was tested in the vector YEP352 (Hill et al. 1986 ) for suppression of the nmel-PS mutation and is summarized in Figure 2A .
The complementing fragment was sequenced on both strands from -380 of the initiator methionine of SNMl to the Xbal site at + 1694 using the Sequenase DNA sequencing kit. The entire sequence has been entered into EMBL, accession number Z37982.
Deletion of SNMl
The SNMl gene was deleted as follows. The plasmid pMES192 contains a 1202-bp fragment (from -380 bp 5' to 226 bp 3') of the SNMl gene in the Hindlll-Pstl sites of pUC19. This plasmid was digested with Spel and Nsil to remove a 745-bp fragment containing the entire SNMi-coding region, and a 1305-bp NsilXbal fragment containing the entire HISS gene was joined to create the plasmid pMES201. The resulting plasmid pMES201 was transformed into the diploid yeast strain MESlOl {MATa/ MATa his3-A200/his3-A200 , and integrants were selected on minimal media without histidine (Sherman 1991) . Transformants were initially screened for proper homologous integration into the SNMl locus using PCR and then confirmed by Southern anal ysis . A diploid strain of yeast with one deleted copy of the SNMl gene was used for further study, MES150 ADE2/ade2-l LYS2/ lys2-801 SNMi/snml-zil::HIS3). The MES150 strain was sporylated and tetrads were dissected. Tetrads always gave a 2:0 phenotype, and the two viable spores were always found to be His ~. The inviable spores were examined under a microscope and were never found to pass the two-cell stage. The plasmid pMES194 {LEU2, CEN, SNMl] or pMES202 {URA3, 2fi, SNMl) was transformed into the strain MES150, and the resultant strains were sporulated. Tetrads were dissected and His"^ spores were identified at an expected frequency, although these strains were always Leu^ or Ura"^, indicating that they maintained the pMES194 or pMES202 plasmids. These plasmids could not be lost from these haploid snm I-deleted cells. The plasmids pMES194 and pMES202 were constructed by cloning the 1.2-kb Hindlll-PstI fragment of pMES192, containing the SNMl gene, into the Hindill-Pstl sites of the vectors pRS315 (Sikorski and Heiter 1989) and YEP352 (Hill et al. 1986 ), respectively. pMES203 to construct the plasmid pMES204. The plasmid pMES204 expresses the natural full-length SNMl protein open reading frame from the T7 RNA polymerase promoter. The frag ment generated by PCR was resequenced to ensure the fidelity of the SNMl gene. The plasmid was transformed into the E. coli strain BL21 (DE3) F~, ompT, hsdSg, {Xi,~, m^,' , an £. coli B strain with a \ prophage carrying the T7 RNA polymerase gene).
The SNMl protein was expressed from the pMES204 plasmid, and inclusion bodies were purified and washed (Sambrook et al. 1989) . Inclusion bodies were solubilized in 50 mM Tris-HCl at pH 8.0, 3 M guanidine chloride, and 0.5 mM DTT at 24°C for 30 min. This mixture was then diluted 25-fold into 50 mM TrisHCl, pH 8.0, 0.5 mM DTT. When dilution was performed in this buffer without zinc, all of the SNMl protein precipitated from solution. The precipitate containing the SNMl protein was cleared from the supernatant by spinning at 15,000g for 15 min and was then resolubilized as described above. This buffer was then diluted 25-fold into 50 mM Tris-HCl, pH 8.0, 0.5 mM DTT, and 10 | JLM ZnClj. When dilution was performed in this buffer with zinc, ~60% of the SNMl protein was soluble. The precip itate was removed as described above while the supernatant that contained the bulk of the SNMl protein was concentrated through a Centriprep-10, made 50% glycerol and stored at -20°C.
Antibody production
SNMl protein purified as described above was sent to Josman Laboratories, Napa, CA. A standard polyclonal antibody produc tion protocol was followed in rabbits (Harlow and Lane 1988) . Serum was cleared against a whole-cell E. coli lysate of BL21 (DE3) that did not harbor an expression plasmid (Harlow and Lane 1988) .
Whole-cell yeast protein extraction
Ten-milliliter cultures of yeast strains were grown to 2x10'' cells/ml, and the cells were harvested and transferred to a mi crocentrifuge tube. The cells were washed once with water and once with buffer A (50 mM Tris-HCl, pH 8.0, 150 mM KCl, 5 mM EDTA, 1 mM DTT). The cells were resuspended in 400 | JL1 of buffer A and 200 mg of glass beads was added. The mixture was then vortexed for 15 min at 4°C. The samples were then trans ferred to a microcentrifuge tube and centrifuged at 14,000g for 10 min. The supernatant was removed and stored at -70°C until used.
SDS-PAGE and Western analyses
SDS-PAGE was performed by the method of Laemmli (1970) . Western analysis was performed by the method of Ljungdahl et al. (1989) . The anti-SNMi-p antibodies were used at 1:1500 di lution for Western analysis.
Protein expression and purification
The SNMl protein was expressed in E. coli and purified as fol lows. The 742-bp £coRI-PstI fragment of the SNMl gene from pMES192 was cloned into the £coRI and Pstl sites of the plasmid pT7-7 (Tabor and Richardson 1992) to create the plas mid pMES203. Utilizing PCR and the oligonucleotides O-snml-3 (5'-AAAACATATGAATAAAGACCAGGCAGAA-3') and O-snml-4 (5'-CTCTGGAATTCAGTGTTGGCAG-3'), a 97-bp fragment encompassing the amino terminus of the SNMl gene was generated. This fragment was digested with £coRI and Ndel and cloned into the £coRI and Ndel sites of the plasmid
RNA mobility shift
The full-length MRP transcript was generated using SP6 RNA polymerase on Ncol-digested pMES206. The pMES206 plasmid was generated by using site-directed mutagenesis to place a SP6 RNA polymerase initiation site at the 5' end of the NMEl gene in the plasmid pMES140 . The oli gonucleotide used was OMS-30 (5'-CTCGTTTAAAGTTA-ACATTTAGGTGACACTATAGAATCCATGACCA-3'). The SP6 transcript has one extra G on the 5' end and seven fewer nucleotides on the 3' end when compared to the in vivo RNA. The 3'-terminal eight nucleotides are not required for function of the NMEl RNA in vivo (M.E. Schmitt, G.S. Shadel, and D.A. Clayton, unpubl.) . The in vitro-transcribed MRP RNA was la beled either internally with [^^P-a]UTP or at the 3' end with [3^P]pCp (Chang and Clayton 1989) .
Approximately 50,000 cpm of labeled RNA was incubated with purified SNMl protein for 20 min in 0.5 x TBE in a 10-|JL1 reaction at 24°C. Five microliters of 20% glycerol and 0.5 mg/ ml of bromophenol blue were then added, and the reactions were loaded onto a 4% acrylamide (37.5:1), 0.5x TBE gel. Com plexes were separated at 10 W constant power for 60 min. Com peting E. coli tRNA was added prior to the addition of protein.
When heparin was used, it was added after the 20 min incuba tion and the samples were given an additional 10 min incuba tion at room temperature prior to the addition of loading buffer.
Northwestern analysis
Purified SNMl protein was separated on a 15% SDS-PAGE gel and transferred to nitrocellulose. The membrane was blocked for 1 hr (at 24°C in PBS, 5% bovine serum albumin, and 0.1% Triton X-100 (Sambrook et al. 1989) . The membrane was then probed in PBS with 0.1% Triton X-100, 1 M-g/ml of £. coli tRNA, and 2x 10^ cpm of intemally ^^P-labeled MRP RNA at lO^cpm/ (xg for 30 min at 24°C. Concentrations of E. coli tRNA of up to 100 jJLg/ml could be used during the blocking and probing with out a reduction in signal. The membrane was then washed 4 x 10 min in PBS with 0.1% Triton X-100 at 24°C and exposed to film.
Immunoprecipitation by anti-SNMl-p antibodies
Fifty microliters of 200 mg/ml protein A-Sepharose CL4B in buffer A was incubated with rabbit serum for 1 hr at 4°C. Five hundred microliters of buffer A was added to the sample, the beads were pelleted by centrifugation for 5 sec in a microcen trifuge, and the supernatant was removed. The pellet was then washed two more times with 500 |xl of buffer A, and the super natant was removed. The sample was then brought to 80 |xl with buffer A, 20 [i\ of a yeast whole-cell protein extract was added, and the reaction was allowed to incubate at 4°C for an additional hour. The sample was then centrifuged in a micro centrifuge for 5 sec, and the supernatant was removed and saved. The pellet was washed three times with 500 [i\ of buffer A, and the supernatant was discarded. One hundred microliters of 5% SDS, 10% 2-mercaptoethanol was added to both of the pellets and the supematants. The samples were heated to 95°C for 5 min, and an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added. The sample was vortexed and al lowed to stand for 5 min at 24°C. The aqueous phase was then separated by centrifugation, and the RNA was precipitated with the addition of one-tenth volume of 3 M sodium acetate and 2.5 volumes of ethanol. The RNA samples were then subjected to Northern analysis as described previously The NMEl probe and the SCRl probe were as described previously . The RNase P probe was a randomly labeled 450-bp PCR fragment generated using the oligonucleotides OMES-Pl (5'-ACTCTGGGAGCTGCGATT-GGC-3') and OMES-P2 (5'-CTTTCTGTATCGCAAATAA-GTG-3') on yeast genomic DNA.
